PLATES 30 TO 32.
The question of whether or not the blood-vessels of the pulmonary circulation are under the control of the central nervous system has been a subject for difference of opinion for many years. Several years ago I published ( I ) the results of some experiments bearing upon this problem, which led me to a belief in the existence of a vasomotor supply to the lesser circulation.
Since then I have carried on further investigation of the pulmonary circulation, with especial reference, however, to the effects of drugs upon it. The results which I have obtained in this second series of experiments have strengthened the conviction obtained from my first work on the subject.
Before proceeding, however, with the report of my own experiments, I wish to call attention to the histological research of Dr. Karsner, published simultaneously with this paper. Dr. Karsner, who interested himself in this problem at m y suggestion, has succeeded in demonstrating, by a method of intra vitam staining with methylene blue, the presence of nerve filaments in the muscular coat of the pulmonary artery. This evidence seems to me of extreme importance. Brodie and Dixon brought forward as one of their arguments against the probability of a pulmonary vasomotor system, that they were unable to find, microscopically, any nerves in these vessels ; but as they themselves recognized, such negative evidence is not' of great weight, because the failure to find nerve filaments in the pulmonary arteries does not disprove their existence; on the other hand, a positive result is of much value. It is improbable that nerves can exist without performing some function, and the most natural, and, indeed, the only natural interpretation of nerve filaments in the arterial muscles is that they are concerned in regulating the contraction of these muscles. It would seem to me, therefore, that the results of Dr. Karsner's investigations are almost sufficient of themselves to settle definitely the question.
I have studied the action of a number of agents upon the pulmonary circulation and have found the following to exercise an influence well enough marked to merit further discussion: asphyxiation, epinephrin, the nitrites, ergot, digitalis, and ether. I shall consider each of these separately.
Asphyxia.--That asphyxiation causes a rise of the pressure in the pulmonary artery, as in the general circulation, was demonstrated as far back as 1882, by Openchowski (2) . He believed, however, that the increased pressure was not brought about by a constriction of the pulmonary arteries, but by the constriction of the arteries of the aortic system preventing the left ventricle from completely emptying itself, so that the blood was dammed back in the left auricle and pulmonary veins, thus increasing the resistance in front of the right heart. This view, however, is not tenable, because in the first place the pressure in the pulmonary artery may begin to ascend at a time when that in the carotid is increased as little as ten millimeters, and there is no adequate reason to suppose that such slight augmentation in the resistance is able to overcome the reserve power of the ventricular muscle. Moreover, I have found that by mechanically obstructing the passage of blood from the heart, through compression of the thoracic aorta, it is possible to cause an increase of from forty to fifty millimeters in the carotid pressure with practically no effect on the pressure in the vessels of the lungs. Still more conclusive is the fact that if the rise in the systemic pressure is prevented by destruction of the vasomotor mechanism, as by cutting the spinal cord, asphyxiation will still cause an elevation of the pulmonary pressure.
A striking fact, which has been commented on by several observers, is the slowness with which the blood pressure rises in the pulmonary artery under asphyxiation. It was this delay which led Openchowski to believe that the rise was due to the stagnation of the blood in the left auricle; he believed that the difference in the time between the beginning of the rise of the pressure in the aorta and in the pulmonary artery was needed to increase the resistance in the aortic system sufficiently to dam the blood back upon the lungs. But this is evidently not the true explanation, because of the insignificance of the rise in the aorta during this time, although the length of time which intervenes is considerable. In Openchowski's experiments, the pressure began to rise in the carotid artery on the average within ten seconds after shutting off the air, but in the pulmonary artery not until a full minute had elapsed. In my own experiments, the average length of time required before the beginning of the rise in the carotid artery was sixteen seconds, and in the pulmonary artery forty-four seconds (figure I).
If the time necessary to produce the reflex in the pulmonary artery is not to be explained by the congestion theory of Openchowski, to what cause can it be attributed ?
In the discussion of the question of the existence of a vasomotor supply to the lungs, it has always been taken for granted that if there were pulmonary vasomotor centers, these, like those of the general circulation, were to be found in the medulla oblongata. It is well known that there are vasomotor centers, more or less independent of the dominating centers in the medulla, located throughout the thoracic portion of the spinal cord, and that after section of the cord in the cervical region, these centers are, under certain conditions, sufficiently powerful to cause constriction of the blood vessels on asphyxiation. The characteristic difference between the spinal vasomotor centers and those in the medulla is that not only are they more feeble, but also slower in their response to the accumulation of carbonic acid. The thought, therefore, suggested itself: may it not be that the delay in the response of the pulmonary circulation is due to the fact that the vasomotor supply for the lungs comes solely from the spinal cord and not from the medulla ?
Bradford and Dean have found that after section of the spinal cord above the third dorsal vertebra the rise of pressure in the pulmonary artery on electrical irritation of the medulla is much less than if the cord has been cut at the seventh dorsal vertebra, although in neither case was there any increase in the carotid pressure. This, of course, merely indicates that the nerves carrying impulses to the pulmonary arteries leave the cord below the third cervical vertebra. If the theory which I have suggested is correct, then the destruction of the medullary vasomotor centers should not prevent the rise in pulmonary pressure. For the purpose ,of excluding the centers in the medulla, I have used the method described by Asher and myself (4) of injecting paraffin into the cranial end of the carotid artery. In the three experiments in which this method has been carried out, I have obtained rises in the pulmonai-y artery of from 5 ° to IOO per cent., accompanied either with no change or else a fall in the carotid blood pressure (table I) . Beginning of asphyxia.
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Post mortem examination showed the entire circle of Willis and both vertebral arteries completely filled with paraffin.
Epinephrin.--As far as I have been able to find, Velich (3) was the first to demonstrate that there occurred, after the injection of the suprarenal extract, a marked rise of pressure in the pulmonary as well as in the carotid artery. This fact has bee~ so abundantly confirmed that it needs no further remark (table 2) .
Brodie and Dixon (5) insist, however, that this rise does not mean a constriction of the pulmonary arteries; they base their conclusions on the results obtained by perfusing solutions of the drug through isolated lungs. Their method was to separate the lungs as rapidly as possible from the body, and force through them defibrinated blood under constant pressure, measuring the amount of fluid which came out through the pulmonary vein in a given period of time. They found that, as a rule, not only was the passage of blood through the lungs not delayed, but usually even hastened, which they interpreted to mean that there was a dilatation rather than a constriction of the pulmonary artery ; and as this drug is conceded to be one of our most reliable stimulants to the peripheral nervous apparatus of the circulation, they concluded that there could be no nerve supply in the pulmonary artery. Brodie, however, in an address delivered before the Royal College of Surgeons (6), describing their results, said: "Only in one instance have we obtained constriction." Further on in the same address, he mentions some experiments which were made by measuring the lung volume, which are not included in their formal communication. In these it was found that: "The effect of suprarenal extract upon the blood volume of the lung is to cause first a small diminution in the volume, soon followed by a marked increase which persists during, and for a short time after the rise in aortic pressure." It is difficult for me to understand how an increased output of the heart can cause a diminution in the blood volume of the lung. Is it not much more reasonable to suppose that there was a contraction of the pulmonary vessels which lasted until the increase in the pressure in the left heart caused by the extraordinary resistance in the aortic system became so great that the relatively feeble pulmonary muscles were unable to withstand the strain ?
From the fact that in one instance they obtained evidence of what they deem a "marked constriction" of the pulmonary arteries by the suprarenal extract, it would seem highly probable tha~t the failure to obtain vascular constriction in the other instances was due to some error in technique. This conclusion is borne out by the fact that both Plumier (7) and Wiggers (8) obtained positive results, in each instance the work of Brodie and Dixon being known. Wiggers attributes the failure of the English investigators to obtain retardation of the flow to differences in viscosity, due to the fact that the epinephrin was dissolved in a fluid not homogeneous with that used for perfusion.
It is of interest in this connection to note the time relation between the elevation of blood pressure in the carotid and pulmonary arteries as brought about by epinephrin, especially in comparison with the effects of asphyxia. The elevation of the blood pressure is brought on by this agent with almost instantaneous promptness in the pulmonary as well as the general circulation; in fact, if anything, the rise in the pulmonary pressure is the more prompt. For instance, in the experiment represented in table II, thirty seconds after the injection of the first dose of epinephrin there was a rise of three millimeters, or 2 3 per cent. in the pulmonary pressure; while in the same period in the carotid artery, the rise was less than 8 per cent. At the end of the firs't minute, however, the carotid pressure having risen about 5 ° per cent., there is an abrupt change in the pulmonary curve, the pressure ascending much more rapidly and falling gradually more or less parallel with the fall in the carotid pressure. The same thing happened, but more 'distinctly, after the second injection, there being a marked break in the pulmonary curve when the carotid pressure had risen about 5 ° per cent. above its original height. The instantaneousness of the rise in the pulmonary pressure seems to me to preclude effectually any idea that the rise is due to a stagnation from the great resistance in front of the left heart.
Of course, cardiac changes are not positively excluded as the cause of the rise of pressure in this experiment, but taking all the facts together it seems to me that the most reasonable interpretation of all the results is that adrenalin caused a constriction of the pulmonary as well as the general vessels, but under the influence of this powerful vasomotor stimular~t the resistance offered by the constricted blood vessels was so great that the heart was unable to empty itself and that the blood was dammed back upon the comparatively feeble pulmonary artery, which then dilated passively, in much the same manner as may be seen at times in the vessels of the limb under powerful vasomotor stimulants.
This explanation of the succession of events is confirmed by the experiments of Brodie already quoted, in which the volume of the lung was at first diminished and secondarily increased, by the action of epinephrin, and also by the studies of Petitjean, who found that the drug produced a primary pallor of the lungs followed by a marked congestion.
Ergot.--The action of ergot on the two circulatory systems shows an interesting difference, although the meaning is obscure. The typical changes in the carot'id pressure which follow an intravenous injection of an active preparation of ergot are a primary fall, followed in about a minute by a rise to a point markedly above the normal; the rise endures for a varying length of time according to the dose and condition of the animal, and then descends gradually to the original height, or sometimes slightly below. The second dose will cause the same phenomena, except that the rise is of shorter duration, and the subsequent fall carries the pressure nearly always below the normal. After subsequent injections the rises become progressively smaller and shorter, and there is a general tendency of the pressure constantly downwards.
The mode in which these changes are produced is not certainly known, but it is probable that the rise in pressure is due to a simultaneous action of the drug upon the heart muscle and upon the vascular muscles, with perhaps also some stimulation of the vasomotor centers. (Under the term "vascular muscles" I include the action not only upon the muscle tissue itself, but also upon the contained nervous elements in the walls of the artery.)
In the pulmonary circulation, the tendency of the pressure is always upward, even after enormously toxic doses. Both the primary fall, which follows immediately the injection of ergot, and the late fall in pressure, which occurs after the injection of repeated doses, are absent in the pulmonary artery. As a result of the continual falling in the carotid pressure, and the ascending pressure in the pulmonary artery, the two curves approach more and more closely to each other until in one experiment the two needles actually interfered with each other (figure 2). Injection of I c.e. fluid extract ergot.
Injection of x c.c. fluid extract ergot.
Injection of I e.c. fluid extract ergot. .... x c.c. fluid extract ergot.
Needles interfere with each other.
Weight~ of d~3g, I2 kilos.
Three possible explanations of the difference of effects of ergot upon the two circulations suggest themselves: first,--that the large dose of ergot acts as a depressant to the left ventricle, but not to the right; second,--that there is a paralysis of the aortic vessels, but not of the pulmonary; and third,--that the fall in the general pressure is due to the diminished blood supply to the left heart on account of extreme vascular constriction in the lungs. It was suggested by Holmes (9), who was the first to bring forward adequate proof of the contraction of the general blood-vessels by ergot, that the primary fall in the pressure after the administration of this drug was due to spasm of the pulmonic capillaries. This theory, however, failed to receive general acceptance, but it is interesting to revive it in connection with the late effects of the drug upon the vessels in the lungs.
Ether.--Moderate doses of ether produce in the general blood pressure, ordinarily, but slight change, although there is usually a tendency towards lowering. In the pulmonary artery, on the other hand, ether produces a rise which, in some cases, has been extraordinarily great.
Although in one or two experiments I have tried introducing ether vapors with the inspiratory air, the inaccuracy of the dosage and the technical difficulties seem to me to far outweigh any theoretical advantage over the intravenous administration. In order to insure the solution of ether in the blood, I have used for the injection a mixture of equal parts of ether, alcohol, and physiological salt solution. In passing, it may be said that the alcohol in this mixture can play no part in the effects, first, because the dose is too small, and second, because I have found that the action of alcohol upon the circulation in the lungs is as feeble and uncertain as it is uponthe general circulation. In one or two instances, the ether has failed to influence the pulmonary pressure, but in the majority of experiments in which the substance was tested, the rise in the pulmonary artery has been marked. In one instance, the pressure in the pulmonary artery rose from twenty-six to forty-seven millimeters (eighty per cent.) with a simultaneous fall in the carotid pressure of about twenty-five per cent. The second injection, ten minutes later, after the circulation had returned to normal, gave a similar rise in the pulmonary artery, but the fall in the carotid was only temporary, and the pressure subsequently rose to a point slightly above the normal ( figure 3) .
AlcohoL--The effects of alcohol upon the lesser circulation are, as one would expect from its chemical relation, similar in kind to those of ether, but very much more feeble. The rise in the pulmonary arteries which generally follows an intravenous injection of alcohol, can, I believe, be justly attributed to the simultaneous widening of the blood vessels and increased output of the heart, both of which factors tend to increase the rapidity of the blood flow through the arteries, so that there is a freer supply to the right heart (Wood and Hoyt ( I I ) ).
Nitrites.--It has been abundantly shown by numerous observers, that the nitrites produce a more or less marked rise in pulmonary circulation simultaneous with the great fall in the general blood pressure. In my experience, the rise in the pulmonary artery has not been as large as I have produced with many other agents, but the relation is especially striking because of the great lowering in the carotid pressure. I have found, as has Petitjean (Io), that the highest point in the pulmonary artery is reached a few seconds before the lowest point in the carotid pressure. Petitjean studied the effects of drugs upon the pulmonary blood vessels, not only through the relations in pressure, but also by changes of the color of the lung tissue. While this method is subject to the objections that it opens the way for a large psychical error, and that definite conclusions can be reached only concerning comparatively coarse alterations, it has the advantage over studies upon the rate of flow through surviving vessels, as pointed out by Petit jean, that the question does not enter of the earlier death of the constrictor fibers and the survival of the dilator vessels of the vasomotor nerve.
It is worthy of note that with this method amyl nitrite produced the greatest pallor in the lungs of any of the drugs with which Petitjean experimented. The extreme pallor of the lung, which he observed in these experiments, however, cannot be taken as evidence of violent vascular constriction, because it is probable that the increased capacity of the general vascular system diminishes the amount of blood which reaches the right side of the heart. It is all the more remarkable, however, in the face of this diminution in the blood supply, that there should be a rise in the arterial tension of the lungs.
Quebrachin.--The extraordinary influence of aspidosperma quebracho-blanco upon the respiration was first described by Penzoldt (12). These changes have been somewhat more closely studied by Dr. D. M. Hoyt and me (13).
Thinking that there was perhaps some alteration in the circulation in the lungs which might account for the extraordinary increase in respiratory activity which is seen under this drug, I have made some experiments with the effects of quebrachin, the most important alkaloid of this plant, upon the pulmonary circulation. This alkaloid in moderate doses causes in the carotid artery a transient fall of pressure, followed by a rise to normal, or sometimes slightly above. After larger doses the fall of pressure is more permanent.
In the pulmonary vessels there is a slight rise in pressure irrespective of whether the general pressure falls or rises, after the first dose of quebrachin. Subsequent injections, however, even after the pressure has returned to the normal height, will not produce another rise, and if the injection is persisted in, there subsequently occurs a fall in both the carotid and pulmonary pressures. 
